Introduction {#sec1-1}
============

In radiotherapy, since its inception, the objective has always been to deliver maximum dose to the target volume homogeneously, while avoiding dose to the normal surrounding structures. Progress made in last few decades in medical imaging and dosimetric software has allowed us to achieve this objective by visualization of the spatial dose distribution within the target volumes. As a result of these developments, various treatment plans can now be easily and rapidly obtained for the same patient. The dose distribution in these plans can then be visualized in the form of dose-volume histograms (DVHs) and isodose lines, to define parameters like maximum dose (D~max~), minimum dose (D~min~), mean dose (D~mean~) and modal dose delivered to each volume of interest. Unfortunately, the large volume of data contained in these histograms, lines and curves may complicate the problem rather than simplifying it. This makes it desirable to have a tool that can integrate this data in a simpler way to quantitatively assess the quality of the treatment plan options. By using such a tool we can make a choice in favor of a plan which provides maximum tumor coverage homogeneously and protects healthy tissues at the same time. The homogeneity index (HI) and the conformity index (CI) are two such tools for treatment plan analysis in conformal radiotherapy.

The concept of HI was developed as an extension of section-by-section dosimetric analysis of treatment plans. In 1993, the Radiation Therapy Oncology Group (RTOG) proposed guidelines for routine evaluation of stereotactic radiotherapy (SRT) plans based on several parameters and HI was described as, HI~RTOG~ = I~max~/RI, where, I~max~ = maximum isodose in the target, and RI = reference isodose. If the HI was ≤2, treatment was considered to comply with the protocol, if this index was between 2 to 2.5, it was considered as minor violation, but if the index exceeded 2.5, the violation of the protocol was considered to be major, but might nevertheless considered acceptable.\[[@ref1][@ref2]\]

Certain other definitions were later described, for example HI = D~5~/D~95~; where D~5~ = minimum dose in 5% of the Planning Target Volume (PTV), indicating the "maximum dose", and D~95~ = minimum dose in 95% of the PTV, indicating the "minimum dose". The lower (closer to one) the index, the better is the dose homogeneity.\[[@ref3]\]

A more descriptive formula is HI = D~2~-D~98~/D~p~×100; where D~2~ = minimum dose to 2% of the target volume indicating the "maximum dose", D~98~ = minimum dose to the 98% of the target volume, indicating the "minimum dose" and D~p~ = prescribed dose. This is the most commonly used formula in the literature. The reason for choosing D~98~ and D~2~, to represent the minimum and maximum dose, is that the calculation of true minimum or maximum dose is sensitive to the dose-calculation parameters, such as grid size and grid placement, and the high dose gradient is common in Intensity Modulated Radio-Therapy (IMRT). Therefore, the true minimum or maximum dose is typically not reliable.\[[@ref4]\] This is the reason for choosing the maximum or minimum dose in a volume (D~2~, D~98~ etc.) rather than at a point. Thus, in all definitions, HI basically indicates the ratio between the maximum and minimum dose in the target volume and the lower value indicates a more homogenous dose distribution within this volume.

Although, various definitions and formulae have been described in literature by various authors and organizations, none has been described as ideal or near ideal for calculating HI. Moreover, less emphasis has been given to this parameter as compared to other treatment planning parameters. For example; several combined indices for evaluating dose coverage, conformity, and dose gradient together have been suggested in the past but, none of these incorporate dose homogeneity as their component.\[[@ref5]--[@ref9]\] In addition, there is a paucity of data in literature regarding the factors that influence HI and the extent of such influence. A search for these factors can enhance our understanding regarding HI, which will allow us to better analyze the spatial dose distribution in our treatment plans. This in turn, will help us to find the means by which we can improve upon our treatment plans in future.

In the present study, we reviewed various definitions/formulae of HI that have been described in literature.\[[@ref1]--[@ref4]\] We have used these formulae to calculate the HI of each patient and have tried to analyze the concordance level between values of HI obtained with each formula. We also analyzed the association between the HI and the prescribed dose, volume of the target, and location of target in the body.

Materials and Methods {#sec1-2}
=====================

We performed a review of 99 patients treated for tumors located in different regions (locations) of the body. All the plans were created according to the clinical protocol followed in the department without any deviation. A CT (Computed Tomography) scan based radiographic volume data set was used for the definition of target volumes, organs at risk, and other structures of interest. The target volumes like Gross Tumor Volume (GTV), Clinical Target Volume (CTV) and PTV were defined as per their definitions in International Commission on Radiation Units and Measurements (ICRU) Report 50.\[[@ref10]\]

The treating radiation oncologist determined the target volumes and the treatment dose. In most cases, the planning was done with the following aims: minimum dose greater than or equal to 95% and the maximum dose less than or equal to 107% of the prescribed dose. The normalization of each plan followed the recommendation of ICRU report 50. The ICRU point was used for normalization and was set at 100%. This point dose was also the prescribed dose, resulting in a dose variation across the target from 95% to 107% of the prescription dose in most cases. The target volume selected for calculating the HI was PTV. In cases, where two or more target volumes were present, the primary/larger target volume was selected for analysis. The leaf edge to PTV distance (target margin) was kept 7 mm in all cases. The DVH of each plan was generated and it was evaluated by radiation oncologist along with medical physicist until an acceptable plan was obtained.

The HI was calculated using the five different formulae given below.

Formula A : D~5~/D~95~; where D~5~ = minimum dose in 5% of the target volume and D~95~ = minimum dose in 95% of the target volume. The ideal value is 1 and it increases as the plan become less homogeneous.\[[@ref11]\]

Formula B: D~max~/D~min~; where D~max~ and D~min~ represent the maximum and minimum point dose in the target volume, respectively. This formula has not been used in literature but it represents the classical definition of HI i.e., the ratio of maximum and minimum dose. This formula was used to represent the philosophy behind the definition of HI. It may not be technically correct to use this formula in practice as the doses may be very high or very low, if only point doses are considered. The ideal value is 1 and it increases as the plan becomes less homogeneous.

Formula C: D~1~--D~98~/D~p~ × 100; where D~1~ and D~98~ are the minimum dose in 1% and 98% of the target volume and D~p~ is the prescribed dose. This is the formula used for calculating HI in our department which is a slight modification of the formula (D~1~ instead of D~2~ making it more sensitive) described by Wu, *et al*.\[[@ref4]\] The ideal value is Zero and increase as homogeneity decreases.

Formula D: D~5~--D~95~/D~p~×100; where D~5~ and D~95~ are the minimum dose in 5% and 95% of the target volume and D~p~ is the prescribed dose. The ideal value is zero when D~5~ and D~95~ are equal. This formula is also a modification of formula by Wu *et al*., where D~2~ and D~98~ has been replaced by D~5~ and D~95~.\[[@ref4]\]

Formula E: D~max~/D~p~; where D~max~ is the maximum point dose and D~p~ is the prescribed dose to the target volume i.e., the prescription isodose line chosen to cover the margin of the tumor.\[[@ref8][@ref12]\] This was first described by RTOG and the ideal value is 1.

The patients were then divided into five groups, based on the prescribed dose for treatment, volume of target and the location of the target. This resulted in 15 different groups. The mean HI was calculated for each group using all the formulae. The data was then analyzed to find out the relationship between HI and various parameters like prescribed dose, target volume and location of the target (CTV or PTV).

The data was compiled using microsoft excel software and mean and median values of HI were calculated using statistical methods. Pearsons Chi-square test (SPSS Vs 16.02) was used to test the association between the mean value of HI calculated by a particular formula and the prescribed dose, volume of target and the location of target in the body. The same test was performed separately for each group using one formula at a time.

Results {#sec1-3}
=======

On final analysis of data, there were 75 males and 24 females. These patients received radiation for different diagnoses including head and neck carcinomas (46.4%), brain tumours (15.1%) and other malignancies. Most of the patients i.e., 95.9% were treated with radical intent while others were treated for palliation. Detailed descriptive data of the patients is presented in [Table 1](#T1){ref-type="table"}.

###### 

Patient\'s characteristics

![](JMP-37-207-g001)

The minimum, maximum, mean and median value of HI was calculated using different formulae (A, B, C, D and E) for all the patients collectively, as shown in [Table 2](#T2){ref-type="table"}. Since it was a retrospective study, few of the values (D~5~ or D~95~) required for calculating HI were not recorded in 33% of all the patients. Thus, formulae A and D could be applied in 67 and 66 patients, respectively. All other formulae were applied in all the patients.

###### 

Values of HI calculated using different formulae
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Analysis of minimum HI (best homogeneity) by all formulae revealed that, four (A, C, D, E) out of five formulae showed this value in the same patient. The patient was a case of carcinoma prostate (Pelvis) with prescription dose of 2414 cGy (centiGray) for a boost volume of 268.2 cc. This shows the level of agreement or concordance among various formulae. The same trend however, could not be observed while analyzing the maximum value of HI in similar manner. The maximum value of HI was seen in different patient by each formula.

The dose prescription varied from 1600 cGy to 7000 cGy. The overall mean and median prescribed dose was 4304 cGy and 4500 cGy, respectively. This large variation is explained by the fact that many patients were planned for IMRT boost (following the initial treatment with conventional or 3-Dimensional conformal radiotherapy) or palliative radiation requiring lesser dose. The patients were divided into five groups according to prescribed dose and mean HI for each group was calculated using formulae A to E. The resulting values of HI are shown in [Table 3](#T3){ref-type="table"}.

###### 

Values of HI according to the dose prescribed for treatment
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According to dose, the lowest values of HI (best homogeneity) were seen in the group receiving highest dose i.e., 6000 cGy or more, by all the formulae. Similarly, the highest values of HI were seen in first two groups i.e., 4000 cGy or less. This again shows the high level of agreement between various formulae and suggests a trend towards improved HI as the prescribed dose increases. When analysed statistically, significant difference in HI was found between the group using formulae A, C and D. The other formulae could not reach a significant value.

When target volume data was analyzed, volume of the target varied from 84.2 cc to 2247 cc, with a mean and median value of 476.2 cc and 360 cc, respectively. The patients were divided into five groups according to the volume of targets and mean HI for each group was calculated using formula A to E \[[Table 4](#T4){ref-type="table"}\].

###### 

Values of HI according to the target volume
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When analyzed in detail, the lowest values (best homogeneity) of HI by all the formulae were seen in group having the lowest target volume i.e., 400 cc or less. On the other hand, the highest HI was seen in last two groups (1201 cc or more) by all formulae except formula B. This indicates a reasonable level of agreement or concordance between different formulae except formula B. This observation suggests a trend towards worsening of HI as the target volume increases. When this observation was statistically analysed, no statistically significant difference in HI was found between the groups with different target volume.

When divided into groups depending on the location of the target in the body, the maximum number of patients (49.5%) were in the head and neck group (49.5%), followed by pelvis (17.1%) and others. The exact distribution of patients according to location and the mean values of HI using various formulae are shown in [Table 5](#T5){ref-type="table"}.

###### 

Values of HI according to the location of the target
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The brain cases were found to have the highest value by all the formulae. In contrast, the best HI was observed in cases of abdomen (formula A, D) and thorax (B, C, E). The value of HI in head and neck and pelvic tumors were lying in-between. This shows the level of agreement among various formulae used for calculating HI. On statistical analysis, no statistically significant association was found between the location of the target in the body and the HI.

Discussion {#sec1-4}
==========

HI is a good indicator of pattern of dose distribution in a target volume but it is still unclear that what are the factors influencing this index. In literature, few studies have been done correlating treatment parameters like target location or target volume with treatment plan indicators like HI or CI. Knoos *et al*., in their evaluation of Radiation Conformity Index (RCI) found a better conformity for cases with pelvic tumors as compared to those of lung and advanced breast cancer cases. The same authors found improvement in the value of RCI with increasing volume of PTV in breast cancer group but no such correlation between the RCI and volume of PTV was seen when all patients were studied together.\[[@ref13]\] Similarly, Wu *et al*. found that esophageal and lung cancer cases were easier to conform than the nasopharyngeal and prostate cancers.\[[@ref14]\]

Collins *et al*., studied the relationship of variables like shape, size and complexity of skull base tumors with parameters like new CI, HI, and percentage tumor coverage using cyberknife radiosurgery system. They found that these radiosurgical parameters using cyberknife were independent of these tumor variables.\[[@ref11]\] In another study, to evaluate the association of Conformity Distance Index with the size and shape of the target volume, Wu *et al*. found that both volume and shape complexity can have significant effects on conformity values. They found that conformity indices tend to have inferior values for smaller or more complex targets as compared to those with larger volumes or simpler shapes.\[[@ref15]\] All these studies were more focused on analyzing the conformity rather than homogeneity indices. In our analysis, we have focused ourselves to the HI and found a trend towards improved homogeneity as the target volume reduces and vice-verse.

In our analysis, the correlation between HI and prescribed dose was a novel idea. It showed a trend towards improved HI with increasing value of prescribed dose. These values also reached near statistical significance in some cases. The reason for this trend is the fact that in cases with lower prescribed dose; even a slight variation of dose across the target volume became significant in relation to the prescribed dose. An important point is the fact that formula B did not show any significant correlation with dose as this does not take into account the prescribed dose unlike formula C, D, and E which seems to be more sensitive to the change in the dose values. Thus, the formulae which consider the prescribed dose seem to be more sensitive while calculating HI.

In our study, best HI was found in thoracic and abdominal cases while inferior values were seen in brain tumors. These finding may be a reflection of various other factors rather than the mere location of the target. Since, in our study, the prescribed dose was lower in case of brain lesions as in many cases it was the IMRT boost, the inferior HI could be a reflection of the lower prescribed doses.

Utility of homogeneity index {#sec2-1}
----------------------------

The radiation oncologist, while evaluating a plan has to consider clinical, biologic, geometric, dosimetric and radiologic parameters at the same time, which is an essential but complex and time consuming process. As described above, HI can facilitate by providing an objective measure of the homogeneity, which is an important quality indicator for a plan.

Often, radiation oncologist is provided with various plans for the same patients and making a choice becomes difficult in the absence of objective parameters. HI along with other indicators can be used to choose the best plan among available options.

This tool can also be used to compare various devices or techniques. For example, the dosimetric studies of ellipsoid phantoms have shown that the cyberknife radiosurgical system has the best homogeneity within the target volume as compared to other radiosurgical devices like gamma knife, linear accelerator based stereotactic radiosurgery systems with multiple arcs or IMRT.\[[@ref16]\] Thus, it can serve as a guide for development of future strategies, technology and treatment protocols.

Assessment of results in radiotherapy requires time for data to mature. But treatment planning parameters like homogeneity index can be assessed much earlier to guide the quality of a plan.\[[@ref12]\]

Limitation of homogeneity index {#sec2-2}
-------------------------------

The multiple indices proposed in the literature, as well as the difficulty in their interpretation, raise a number of issues regarding the utility and credibility of this tool. Moreover, there is limited information regarding possible correlation between clinical data and these theoretical parameters. Theoretically, improvements in the homogeneity or conformity should improve local control and decrease complications but there are no studies till date which suggest that the plans with a better HI are associated with a better clinical outcome as compared to those plans with inferior HI. Chang *et al*. in their study suggested that improved dose homogeneity and a staged treatment regimen may improve hearing preservation in patients receiving SRS for acoustic neuroma.\[[@ref17]\]

At the present time, only geometric and dosimetric data is incorporated while calculating or analyzing these indices. Since various radiobiological parameters like tumor control probability (TCP) and normal tissue complication probability (NTCP) and Equivalent Uniform Dose (EUD) have been incorporated in the treatment planning systems, there is a need to incorporate them in defining HI. Recent studies have suggested that somewhat greater dose heterogeneity in target volumes is expected by using biological cost functions for treatment planning.\[[@ref18]\] Integration of these probabilistic data in calculation of quality indicators will allow us in selection of a treatment plan on the basis of radiobiologic characteristics of the target tissues rather than merely the physical doses and volumes.

Cautions while using HI {#sec2-3}
-----------------------

Planning indicators like HI depend upon the particular formula which is being used for its calculation. So, attention is required while calculating it. For example, when comparing different treatment plans or different irradiation techniques, it is important to use the same formula. It is emphasized to clearly specify the target volume, to which the homogeneity index corresponds, because depending on the choice of tumor volume (CTV or PTV) and the margins used, the results can vary considerably, leading to erroneous conclusions.\[[@ref8]\] In our study, we have considered PTV in all the cases.

It is not always justified to try for achieving the ideal value of HI at any cost. There are certain clinical situations where in-homogeneity may be desirable. Tumors containing heterogeneous group of cell population may benefit by delivering higher dose to the areas where there is increased density of malignant cells or there are pockets containing resistant cells. Non-homogenous dose with higher central dose may improve local control in such cases; however, this increased local control come with increased risk of complications.\[[@ref19][@ref20]\] In certain cases, while we try to achieve homogeneity within the target volume at any cost, the system tends to dump the extra dose (hot spot) outside the target to improve the HI, which may prove detrimental. In cases such as SRS, in which the target may lie in very close proximity to a critical organ or nerve (acoustic neuroma), very high hot spots outside the PTV potentially increases the risk of complication.\[[@ref21]\] The importance of dose homogeneity in biologically optimized IMRT plans is controversial because if eventually the plan quality is judged by predicted biological outcome, it may no longer be required to keep the dose to target volumes as homogeneous as possible at all cost.\[[@ref18]\] Moreover, dosimetric priorities are not the same for benign and malignant lesions. In benign lesions, heterogeneity may be acceptable in order to save the critical structure lying close to the target volume.

Thus, HI should not be seen as a tool which can replace the utility of checking the plan slice by slice for detecting and unreasonable high or low dose points. It should only be used once a satisfactory plan has been achieved on the basis of dose gradients and dose distribution along the treatment volumes and normal structures.

There is thus no consensus about the acceptable limit of HI. A value of less than 2.0 (RTOG/Formula E) is felt to balance the risk of local failure and neurologic injury (RTOG guidelines).\[[@ref1]\] Although in our study no limitation was placed on the target volume or location of tumor in the close proximity to critical structures, a value of less than 2.0 was achieved in majority of the cases.

Conclusion {#sec1-5}
==========

Our analysis shows a reasonably high level of agreement or concordance between different formulae used for calculating the HI. This holds more significance for the formulae which accounts for the prescribed dose in denominator. It suggests that any of the described formulae may be used to calculate the HI for a particular case, provided the mentioned factors are kept in mind.

Statistically, although the study suggested that the HI index is independent of the location and the treatment volume, the trend towards an improved HI in cases with higher prescribed dose warrants further studies, with large number of patients, which may throw some more light in proving or refuting such type of association. Moreover, prospective studies with a long follow up may establish relationship between these parameters and clinical outcomes.

The literature review also suggests that although the HI is a good indicator of the quality of a plan, the analyses of DVHs and CT sections still remains an integral part of treatment plan evaluation till the ideal HI is discovered.
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